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■ INTRODUCTION
In the past two decades, much attention has been focused on the gold nanoparticles-based visual detection methods due to their simplicity, sensitivity as well as the potential application to on-site detection. 1−3 Most of these methods are based on the principal that targets directly or indirectly trigger the nanoparticles aggregation, which leads to a shift of the localized surface plasmon resonance absorption (extinction), accompanied by a color change from red to blue. However, these methods generally require the incorporation of analyte recognition reagents onto the nanoparticle surface, suffering from the tedious procedure for the modification of nanoparticles. In addition, all the nanoparticle-aggregation-based sensors suffer from the autoaggregation of nanoparticles in complex samples, which often causes high backgrounds or false positive results, and thus the application of these methods is limited to a certain extent.
To overcome the drawbacks mentioned above, a promising platform based on etching of gold nanoparticles has been developed for visual sensing of some targets, 4 . This kind of sensor often does not need the modification of nanoparticles and can also avoid false positive signal owing to the autoaggregation of nanoparticles. Unfortunately, this platform can be only applied to monitoring limited targets.
Because of the high redox potential of Au(I)/Au(0), the targets should either have higher redox potential than that of Au(I)/ Au(0) at certain conditions or can reduce the redox potential of Au(I)/Au(0) by formation a stable complex or metal-Au alloys. Recently, to speed up the etching of gold nanorods (GNRs) by H 2 O 2 , Nie and coworkers utilize the higher oxidizing property of hydroxyl radical (
• OH) to etch GNRs and realize the blood glucose detection. 17 As well-known, superoxide radical (O 2
•− ) is one of the active oxygen radicals produced in human body. Because of its high oxidizing property, O 2
•− is greatly adverse to human body. Inspired by this, herein, we propose a new etching method of GNRs and apply it to the sensitive visual detection of Co 2+ ions. Co 2+ triggers a Fenton-like reaction, generating a large amount of superoxide radical (O 2
•−
). Then, GNRs are quickly oxidized to Au(I) ions by O 2
•− in the presence of SCN − . As a result, the color of GNRs changed from green to red. The color change can be applied to quantifying the concentrations of Co 2+ via the naked eye. Cobalt is one of the biological essential trace elements and plays many important roles in biological systems. However, cobalt and some of its compounds are also suggested to be potential etiological toxins and likely present carcinogenic effects. 18 Thus, many analytical methods, including atomic absorption spectroscopy (AAS), inductively coupled plasma mass spectrometry (ICPMS), electrochemistry, and colorimetry, have been established for detection of Co
2+
. 19−39 Among these methods, colorimetric methods are more suitable for on-site detection because they can avoid tedious sample pretreatment and expensive instrumentation, and the detection signal can be observed by the naked eye. However, conventional colorimetric Co 2+ sensors based organic dye molecules often face poor sensitivity with detection limit at ∼10 −6 M levels. 23, 24 To improve the sensitivity, many nanoparticlesaggregation-based sensors for Co 2+ have been developed. 36−39 However, most of them cannot meet the visual sensitivity requirements and all of them suffer from the drawbacks of the type of sensors mentioned above, such as modification process and false positive result. Therefore, it is essential to develop a more sensitive and reliable colorimetric method for the on-site detection of Co 2+ ions. The proposed method exhibits better on-site detection performance compared to existing methods: (1) excellent visual sensitivity with a naked-eyes-detectable limit of 40 nM, avoiding apparatus; (2) no false positive result owing to autoaggregation; (3) no modification of good nanorods; and (4) short detection time (7 min Transmission electron microscopy (TEM) analyses were performed on a JEM-1230 electron microscope (Japan) operating at 100 kV. Absorption (extinction) spectra were measured on a Thermo Scientific NanoDrop 2000/2000C spectrophotometer.
Preparation of GNRs. The GNRs were synthesized using a modified method by changing the amount of AgNO 3 . 40 (1) Seed Solution: 0.25 mL of HAuCl 4 ·3H 2 O (0.01 M) was added to 7.5 mL of CTAB (0.10 M) solution. Afterward, 0.60 mL of ice-cold NaBH 4 (0.01 M) was mixed with the solution. The final solution was kept in a 26°C water bath for 2 h. (2) Growth Solution: 1.2 mL of an aqueous 0.05 M HAuCl 4 ·3H 2 O solution was mixed with 100 mL of CTAB (0.10 M) in a beaker under stirring. Then, 0.3 mL AgNO 3 (0.01 M) and 0.96 mL ascorbic acid (0.1 M) were added to the solution in sequence. Finally, 0.2 mL seed solution prepared in step (1) was added at room temperature. The color of the solution gradually changed to purple within 10−20 min. The flask was then left undisturbed for 2 days. The obtained GNRs were centrifuged twice at 8000 rpm for 15 min to remove excess CTAB. The obtained soft sediment was resuspended in deionized water and kept at room temperature. The colloid was found to be stable for at least 6 months.
Procedure 2+ were spiked in drinking water, and then the pH of the solutions was adjusted to 9.0 by using the high concentration borate buffer solution. Then a similar detection procedure to that described above was conducted.
■ RESULTS AND DISCUSSION
Principle for the Etching of GNRs. The extinction spectrum of GNRs exhibits two plasmon peaks, which result from the transversal and longitudinal surface plasmon resonance (LSPR), respectively. 41, 42 The LSPR peak of GNRs reflects the aspect ratio of GNRs. Normally, with the increase in the aspect ratio, the LSPR peak shifts to longer wavelength. 43 Scheme 1 illustrates the principle of the etchingbased visual detection of Co 2+ . The GNRs with an average aspect ratio of 2.0:1 ( Figure 1A and Figure 2a ) exhibited a LSPR peak at 660 nm (curve a in Figure 1D ). In the absence of Co 2+ , H 2 O 2 etched GNRs slowly. The LSPR peak blue-shifted to 620 nm (curve b in Figure 1D ) and the color of GNRs solution changed slightly (inset in Figure 1A and B). The corner angles on the GNRs surface disappeared ( Figure 1B) , and the average aspect ratio of GNRs turned to 1.9:1 ( Figure  1B and Figure 2b) . The results were also consistent with the previous study. 44, 45 With the addition of 0.1 μM Co
2+
, the Fenton-like reaction happened in the presence of hydrocarbonate. Co 2+ catalyzed the decomposition of H 2 O 2 to produce a large amount of superoxide anion radical (O 2
•− etched GNRs quickly along the longitudinal direction in the presence of SCN − . The average aspect ratio of GNRs decrease to 1.4:1 ( Figure 1C and Figure 2c ) accompanied by an obvious color change from green to red (inset in Figure 1C ). The preferential etching along the longitudinal direction results from the less surface passivation and/or the higher reaction activities at the tips of GNRs. The Fenton-like reaction-mediated anisotropic etching of GNRs also led to a great blue-shift of the LSPR (from 620 to 560 nm, curve c in Figure 1D ). This phenomenon can be used for the visual detection of Co 2+ ions. In the presence of hydrocarbonate, the Fenton-like reaction produced a few kinds of oxidants, such as some free radicals and singlet oxygen as shown in the following reactions: 46 At pH 9.0, all the practical redox potentials of these radicals and singlet oxygen are higher than that of Au(SCN) 2 − /Au(0.69 V, vs NHE). 49 That means all of them have the ability to oxidize Au. To investigate which one plays the leading role in the etching of GNRs, several control experiments were implemented in the following steps.
Ascorbic acid is a well-known common free radical scavenger. 46 Figure 3A shows the effect of ascorbic acid on the Fenton-like reaction-mediated etching of GNRs. It was observed that, with the removal of free radical by the addition of ascorbic acid, the etching of GNRs was slowed with the less significant blue-shift of the LSPR peak. The result confirmed the radical reaction mechanism of the proposed method. The generation of free radicals appeared to be the critical controlling factors in the etching of GNRs.
DMSO and mannitol are effective scavengers for hydroxyl radical (
• OH). 50, 51 The inhibition effects of DMSO and mannitol on the etching of GNRs were also carried out as shown in Figure 3B (curves c and d) . The results indicated that the etching was almost not affected by the addition of DMSO or mannitol. Therefore, we could conclude that
• OH was not the etching chemical, or the generated
• OH was transformed into HO 2 • quickly in the system. NaN 3 , a scavenger for singlet oxygen ( 1 O 2 ), was also added to the systems. No inhibition effect was observed (curve c in Figure 3C ), suggesting that no 1 O 2 was involved in the etching reaction. 46 It is well-known that SOD can catalyze the dismutation reaction of O 2
•− to give ground state molecular oxygen and H 2 O 2 .
52 Figure 3D shows the inhibition effect of SOD on the etching of GNRs (curve c). The LSPR absorption peak shifted much less than that without addition of SOD, indicating the etching was inhibited considerably. The result demonstrated that GNRs were possibly etched by O 2
•− in the presence of SCN − . , we concluded that other chemical reaction which could produce O 2
•− should also trigger the etching of GNRs. To confirm this speculation, hydroxylamine hydrochloride was added to the buffer solution containing GNRs in the absence of Co 2+ and H 2 O 2 . The GNRs solution was incubated at 95°C for 15 min. The LSPR peak shifted to short wavelength significantly (Figure 4) . The peak shift is attributed to the etching of GNRs by O 2
•-generated in the process of auto-oxidation of hydroxylamine by dissolved oxygen, as shown in the following reactions, where the M n+ may be Au n+ in the solution:
( 1)
On the basis of the above experimental results, we concluded that the generated O 2
•− in the course of Fenton-like reaction was responsible for the etching of GNRs. 
Sensitivity and Specificity of the Visual Detection for Co 2+ . Taking advantage of the outstanding catalytic property of Co 2+ on the etching of GNRs, we attempted to use the property to develop a new visual method for sensing of Co 2+ . Figure 5 shows responses of the proposed sensors to different concentrations of Co 2+ under optimal conditions ( Figure S1 − S7, Supporting Information). The LSPR peak of GNRs shifted to short wavelength gradually with the increase in Co 2+ concentrations in the range of 1 to 200 nM ( Figure 5A ). A linear relationship between the peak-shift and Co 2+ concentrations in the range of 5 to 100 nM was obtained ( Figure 5B ). When the concentration exceed 200 nM, the spectra of GNRs almost remained constant, indicating that the etching rate no longer increased. Although more O 2
•− is produced when the concentration of Co 2+ exceeds 200 nM theoretically, we speculate that the etching reaction rate is just controlled by •− transformed to other chemicals instantaneously, 1 O 2 for example. The detection limit was calculated to be 1.0 nM according to the S/N = 3 rule, which is lower than that of most visual sensors and is comparable with the results obtained by AAS, ICPMS, surface-enhanced Raman spectroscopy (SERS), fluorescence, etc. (Table 1) . 19−39 Although some of gold nanoparticle-aggregation-based visual sensors are more sensitive than the proposed method, 36−39 they require tedious procedures for the modification of nanoparticles and easily suffer from false positive results due to the autoaggregation of nanoparticles. The digital photo ( Figure  5C ) shows that the color of GNRs' solutions changed from blue to red with the increase in Co 2+ concentration. The color change as induced by 40 nM Co 2+ can be easily observed by the naked eye. To our best knowledge, the visual detection limit, 40 nM, is among the lowest reported for the detection of Co
. The specificity of the sensor toward Co 2+ was evaluated by examining the extinction spectra of GNRs in the presence of various other ions. The addition of 0.1 μM Co 2+ caused significant changes in both the color and absorption spectrum, while no obvious change could be observed for other ions at different concentrations as shown in Figure 6 . This result 
■ CONCLUSION
In conclusion, we have proposed a Fenton-like reactionmediated etching of GNRs for the sensitive visual sensing of Co 2+ . We conclude that other target analytes that can trigger the generation of high active oxidant (O 2
•− for example) at certain condition can also be detected by this strategy. As to this paper, the developed sensor displayed excellent on-site detection performance for Co 2+ , such as low visual detection limit (40 nM) and short response time (7 min). In addition, compared to nanoparticle-aggregation-based methods, this method also can avoid false positive results coming from the autoaggregation of nanoparticles. Possessing these merits, the sensor promises to be a practical tool for on-site monitoring of Co 
